Importance of the field-Autosomal dominant (AD) polycystic kidney disease (PKD) is the most common life-threatening hereditary disorder. There is currently no therapy that slows or prevents cyst formation and kidney enlargement in humans. An increasing number of animal studies have advanced our understanding of molecular and cellular targets of PKD.
heterogeneity of ADPKD. The numerous ADPKD mutations identified on PKD1 and PKD2 genes are also highly variable. For instance, on the ADPKD database of the Mayo Clinic (http://pkdb.mayo.edu), as many as 333 truncating PKD1 mutations were identified on chromosome 16 p 13.3 in 417 families with 869 different variants, while 95 PKD2-truncating mutations were identified on chromosome 4q21 in 178 families with 128 variants [3, 4] .
PKD could in theory be treated by preventing the earliest initiating events. The initial and critical molecular event underlying cyst formation may be explained by the 'double hit hypothesis'. In this theory, the first hit is an inherited mutation in the germ line (mutant allele) while the second hit is a somatic loss of the wild-type (normal) allele, leaving a single copy of the mutant allele. DNA analysis of cystic epithelia isolated from single cysts has provided support for the 'double hit hypothesis'. Clonality of individual cysts and loss of heterozygosity (LOH) of microsatellites from within or close to the PKD1 gene has been demonstrated in a proportion of the cysts. Kidney and liver cysts have also demonstrated an intragenic somatic mutation and loss of heterozygosity [5] . The difficulty of targeting second-hit mutations in PKD is that somatic mutations are highly variable. Furthermore, it is also known that cysts develop at a more rapid rate when cilia are lost in newborn kidneys in which kidney development is not yet completed. Inactivation of ciliogenic genes (Kif3a) in newborn mice resulted in rapid cyst development, while inactivation of ciliogenic genes at postnatal day 10 or later resulted in a much slower rate of cyst formation [6] . These observations indicate that loss of cilia may also be implicated in the initiation of cystogenesis. Genetic modification resulting in imbalance in the expression of polycystin-1 and -2, the two functional proteins encoded by PKD1 and PKD2 respectively, may promote rather than prevent cyst development. Jiang and colleagues showed that progressive reduction of the PKD1 protein to levels that are not completely undetectable can induce cyst formation in two PKD1 animal models [7] . Further studies in transgenic mice overexpressing the PKD1 and PKD2 transgenes in the kidneys revealed that those mice developed renal cystic disease comparable to the human ADPKD phenotype [8, 9] . It was concluded that partial inactivation of the genes may also initiate cystogenesis. This raised the question of how much inactivation is necessary for initiation or suppression of cyst formation. Thus, the topic of gene replacement in PKD is very complex.
Polycystins as targets of therapy in PKD
Polycystins are the protein products of the PKD1 and PKD2 genes, which respectively encode polycystin-1 (PC1, 460 kDa) and polycystin-2 (PC2, 110 kDa). PC1, a protein with a large extracellular domain, 11 transmembrane domains and a short intracellular C-terminal tail, functions as a mechanosensor. PC2, a less complex protein with a short N-terminal cytoplasmic region, six transmembrane domains, and a short C-terminal portion, has an important function as a cation-permeable transient receptor potential ion channel in kidney epithelial cells. Polycystins have a heterogeneous distribution with localization to the primary cilia expressed in epithelial cells of the kidney, liver, pancreas and breast, the smooth muscle as well as endothelial cells in the vasculature and astrocytes in the brain. Polycystins also have a non-ciliary localization, with PC1 detected at apical membranes, adherent and desmosomal junctions [10] [11] [12] [13] and PC2 found in the cytoplasm as well as the apical and basolateral membranes of the kidney. PC1 and PC2 interact with each other through their C-terminal cytoplasmic domains [14, 15] .
Both PC1 and PC2 appear to play key roles in kidney development. PC1 expression is high in developing tissues and low in mature tissues [10] . Geng and co-workers showed that PC1 expression peaks at embryonic day 15 and falls thereafter to remain constantly low throughout adulthood [11] . The primary cilium appears to play a major role in PC1-and PC2-mediated mechanosensation and calcium signaling [16] . The cilium projects into the lumen in tubular epithelial cells and acts as a sensor. The PC1-PC2 complex translates mechanical or chemical stimulations into calcium influx through PC2 channels, allowing for release of calcium from intracellular stores.
Recently, investigators have targeted (PC1/PC2)-mediated calcium influx. Triptolide (Tripterygium wilfordii), the active diterpene in a traditional Chinese medicine isolated from the 'Thunder God Vine', was recently shown to activate PC2-mediated calcium release in the cilia, to cause cell growth arrest in murine pkd1-null cells, and to inhibit cyst formation in Pkd1 −/− embryonic mice with ADPKD [17] . In another study, triptolide reduced cyst formation in a neonatal kidney-specific Pkd1(flox/-);Ksp-Cre mouse model of ADPKD [18] . A randomized clinical trial of triptolide in patients with ADPKD has been initiated at the Nanjing School of Medicine in China (see clinicaltrials.gov). Estimated enrollment is 150 patients and estimated completion date is June 2011. Primary outcome measures are renal volume on MRI scan and estimated glomerular filtration rate (eGFR). The secondary outcome measure is the development of ESRD. Triptolide has been shown to have antiproliferative or proapoptotic effects and has been used to treat inflammatory and autoimmune diseases [19] . In addition, other regulators of the PC2-mediated calcium influx are under investigation, with Nek8, a serine/threonine kinase that is mutated in the juvenile cystic kidney mouse, leading the way [20] [21] [22] [23] [24] . Thus, pharmacologic agents that induce PC2-mediated calcium release may potentially halt or delay cyst formation.
PC2 regulates the cell cycle through direct interaction with Id2, a member of the helix-loophelix protein family that regulates cell proliferation [25] . The PC2-Id2 interaction is mediated by PC1-dependent phosphorylation of PC2 [25] . Inhibition of Id2 expression using RNA interference corrects the hyperproliferative response of PC1 mutant cells [25] . Thus, the effect of Id2 inhibitors, for example rosiglitazone, on cyst formation merits further study.
Molecular pathways in PKD
Researchers have focused the target of therapy towards the molecular pathogenesis of cyst formation and cyst progression. Mechanisms involved in cystogenesis include a secretory phenotype, increased proliferation and apoptosis, as well as loss of cellular differentiation and polarity. Some strategies have targeted cAMP-mediated processes of transepithelial fluid secretion and epithelial cell proliferation, while other strategies have focused on EGFmediated cell proliferation as well as mammalian target of rapamycin (mTOR)-mediated processes of cell proliferation and apoptotic cell death. The current review focuses on therapeutic approaches to interfere with the molecular pathways of cystogenesis (Table 1 and Figure 1 ).
cAMP-targeted interventions
There is much evidence demonstrating a major role for cAMP in cyst fluid accumulation [26] [27] [28] . A number of agonists such as arginine vasopressin (AVP), prostaglandin E 2 (PGE 2 ), epinephrine, norepinephrine, adenosine and caffeine can result in cAMP accumulation. One of the agonists, AVP, has emerged as a powerful modulator of cystogenesis in recent years. Upon stimulation of cAMP, there is movement of chloride through the cystic fibrosis transmembrane conductance regulator (CFTR) and purinergic channels in the apical membrane of the renal tubules. Sodium enters the cyst cavity passively and water follows chloride and sodium osmotically. Blockade of the apical CFTR reduces cyst formation and renal failure in a mouse model [29] . In another study, it was shown that the basolateral KCa3.1 potassium channels are critical for cAMP-dependent chloride secretion and cyst growth in autosomal-dominant polycystic kidney disease [30] .
These studies demonstrate inhibition of chloride secretion from both the apical and basolateral sides of the tubule in PKD [31] .
Somatostatin is thought to work by inhibiting cAMP accumulation ( Table 1) . The somatostatin analogue, octreotide, was shown to be effective in slowing progression in liver and kidney cystic disease in a rat model of PKD. Three of the five somatostatin receptor subtypes that bind octreotide (i.e., SSTR2, SSTR3, and SSTR5) were expressed in the kidneys of the PKD rats and octreotide significantly lowered cAMP [32] . In a pilot study of 13 ADPKD patients, octreotide was shown to reduce kidney volume [33] . A long-term 3-year follow-up study, with estimated enrollment of 66 patients, looking at the effect of longacting somatostatin on nephropathy progression due to ADPKD has been initiated. cAMP also plays a role in increased proliferation of cyst epithelial cells. Despite the evidence suggesting that cAMP is antimitogenic in normal cells, Yamaguchi and colleagues discovered that forskolin and cAMP increased cell proliferation in polycystic kidney cells to a greater degree than the mitogen, EGF [34] . These investigators also found that cAMP stimulates B-Raf, mitogen-associated/extracellular-regulated kinase (MEK) and extracellular signal-regulated kinase (ERK) in PKD cells but not normal cells (Figure 1) , and that this 'phenotypic switch' in the cellular response to cAMP is a function of low intracellular calcium [35] . The response of B-Raf to cAMP appears to be the reason for the phenotypic switch [35] . In normal cells, B-Raf is suppressed by AKT in a calcium-dependent manner, but in ADPKD and calcium-restricted cells, AKT activity is decreased, allowing for activation of B-Raf by cAMP [35] .
MEK appears to be crucial in the cAMP and EGFR signaling pathways. The efficacy of MEK inhibitors has been examined in PKD and the results have been somewhat controversial. One of the MEK inhibitors, PD-98059, has been shown to effectively block EGF and cAMP proliferative effects in ADPKD epithelial cells in vitro ( Figure 1 ) [34] . Furthermore, a recent paper by Omori and colleagues showed that the ERK inhibitor, PD-184352, slows cyst growth in the pcy mouse model of PKD [36] . In contrast, Shibazaki and coworkers reported conflicting evidence that inhibition of MEK in a Pkd1 conditional knockout model of PKD fails to inhibit disease progression [37] . Further studies looking at MEK inhibitors in other rat and mouse models of PKD are needed.
Conditionally immortalized renal epithelial cells prepared from ADPKD patients with known germ-line mutations in the PKD1 gene have an increased sensitivity to IGF-1 and cyclic AMP and require PI3K and ERK for enhanced growth [38] . Inhibition of Ras or Raf abolished the stimulated cell proliferation [38] . This study suggests that haploinsufficiency of polycystin-1 lowers the activation threshold of the Ras/Raf signaling system, leading to growth factor-induced hyperproliferation.
Gattone, Torres and colleagues took the knowledge of cAMP pathways a step further by demonstrating the upregulation of vasopressin and the inhibition of cystogenesis by V2 receptor antagonists in three different animal models of PKD [40, 41] . The vasopressin V2 receptor antagonist, OPC-31260, reduced renal cAMP and inhibited kidney cyst development in the autosomal recessive (AR) PKD (PCK rat) and adolescent nephronophthisis (pcy mouse) models of ARPKD (Table 1 ) [41] . The vasopressin V2 receptor antagonist OPC-31260 also reduced renal cyclic AMP levels, downregulated the expression of V2 receptor-and cAMP-dependent genes (V2 receptor and aquaporin 2), inhibited renal cystogenesis and kidney enlargement, and protected against the loss of renal function in the PKD2WS25 mouse model of ADPKD [40] . In a recent study, OPC31260 had a similar effect to OPC-41061, another vasopressin V2 receptor antagonist, to decrease Ras-GTP and phosphorylated ERK levels and 95-kD/68-kD B-Raf ratios, in the PCK rat model of ARPKD and protect against the development of PKD [42] .
It is interesting to note that in the PCK rat and PKDWS25 mouse models of PKD, cysts develop primarily in the distal tubule [43] . The presence of vasopressin receptors has been well characterized in the distal tubule. It is believed that the inhibition of vasopressin action in the collecting duct may be sufficient to reduce cyst formation. Interestingly, there have been no reported studies looking at the effect of vasopressin antagonists in the Han:SPRD rat model of ADPKD, which develops cysts exclusively in the proximal tubule. However, in PCK rats, increased water intake for 10 weeks reduced urinary AVP excretion, reduced urine osmolality, reduced renal expression of AVP V2 receptors, reduced the kidney/body weight ratio and improved renal function [44] . This study suggested that limiting serum AVP levels by increased water intake may be beneficial to some patients with PKD. It is also important to note that antagonists of the V2 receptor, OPC31260 and OPC-41061 had a significant effect in reducing cyst formation in three animal models of PKD. These results sparked the development of a clinical trial in humans with ADPKD using the orally active vasopressin V2 receptor antagonist, tolvaptan, which has a high affinity for the V2 receptor.
The Tolvaptan Efficacy and Safety in Management of PKD and Outcomes (TEMPO) programs are currently active [45, 46] . A Phase II study to determine the response to increasing doses of tolvaptan (15, 30, 60 , and 120 mg) in patients with ADPKD and normal kidney function has been completed. Pharmacokinetic profiles of tolvaptan were found to be similar to those of healthy control subjects. Urine output, frequency of nocturia, urine osmolality, and serum sodium changed in a dose-dependent manner [47] . In further studies, the minimum dose of tolvaptan required to decrease urinary osmolality but prevent hypernatremia and frequent nocturia was determined in 27 patients with ADPKD. Tolvaptan doses of 15 mg twice daily, 30 mg daily, 30 mg twice daily, and 30 mg in the morning/15 mg in the evening were well tolerated. After 5 days of tolvaptan therapy, patients were in fluid balance and had urine outputs of 6 l/day. The frequency of nocturia was increased by 0.5 voids per night. Urinary osmolality was suppressed for 24 h by tolvaptan [48] .
A Phase III multicenter, double-blind, placebo-controlled, parallel-arm, 3-year trial to determine long-term safety and efficacy of oral tolvaptan tablets in adult subjects with ADPKD has been initiated. Enrollment of 2000 patients has been completed and the study completion date is estimated to be January 2011. The primary end point is to evaluate the long-term efficacy of tolvaptan in ADPKD through the rate of renal volume change (%) on MRI scan in tolvaptan-treated compared with placebo-treated subjects. Secondary outcome measures include the evaluation of the long-term efficacy of tolvaptan in ADPKD through a composite of ADPKD progression clinical markers (hypertension, kidney pain, albuminuria and kidney function). The tolvaptan Phase III study is the largest drug efficacy study in PKD patients to date. Tolvaptan is an agent of great promise in ADPKD because i) it is a powerful vasopressin V2 receptor antagonist that has been used in animal studies; ii) it has few side effects in Phase I and II studies [45, 46, 48] -a risk when using tolvaptan is dehydration, which can be prevented by patients maintaining adequate hydration; and iii) animal studies are very promising [40, 42] .
EGFR-targeted interventions
EGF plays an important role in cyst epithelial cell proliferation and cyst expansion. EGFR inhibition [49] reduces cyst formation in different animal models of PKD [49] [50] [51] [52] [53] . Specifically, the novel EGFR tyrosine kinase inhibitor, EKI-785, reduces cyst formation and mortality in the BPK mouse model of ARPKD [49] . In addition to the role of Src in the cAMP-mediated proliferation of cystic renal epithelial cells, there is strong evidence to suggest that the antiproliferative effect on human ADPKD cells that follows Src inhibition is EGFR-mediated. In the BPK murine model and the orthologous PCK rat model of ARPKD, greater Src activity was found to correlate with disease progression. Inhibition of Src activity with the pharmacologic inhibitor SKI-606 resulted in amelioration of renal cyst formation and biliary ductal abnormalities in both models [54] . SKI-606 (also known as bosutinib) is in clinical trials for breast cancer, advanced malignant tumors, and leukemia. Studies of SKI- 606 have not yet been initiated in patients with ADPKD. Thus Src and the EGFR represent therapeutic targets in PKD.
mTOR signaling pathway-targeted interventions
Dysregulated mTOR and AKT signaling may contribute to the pathophysiology of PKD [55, 56] . The mTOR pathway involves five major players: IGF-1, AKT, tuberous sclerosis complex 1 and 2 (TSC1/2), mTOR, and p70S6K (Figure 2 ). IGF-1 activates the mTOR signaling pathway via stimulation of PI3K and AKT kinase. The tumor suppressor proteins, TSC1 and TSC2, link the PI3K and mTOR pathways. The TSC1 (hamartin) and TSC2 (tuberin) complex is required for mTOR signaling [57] . A mutation of either TSC1 or TSC2 results in the disease tuberous sclerosis complex (TSC). mTOR forms a complex with regulatory-associated protein of TOR (raptor) or rapamycin-insensitive companion of TOR (rictor) [58] . The mTOR-raptor complex, also known as mTORC1, promotes cell growth and is sensitive to inhibition by mTOR inhibitors. The mechanism of cell growth by mTORC1 involves phosphorylation of p70S6K [59] . mTOR inhibitors like sirolimus (rapamycin), which is a FDA-approved immunosuppressive agent, and everolimus (certican) and temsirolimus (torisel), which are FDA-approved for the treatment of advanced renal cell cancer, bind FK506-binding protein (FKBP). The binding of mTOR inhibitors to FKBP destabilizes the association between mTOR and raptor, preventing the downstream phosphorylation of p70S6 kinase [60] .
Sirolimus (rapamycin) is a macrolide that was first discovered as a product of the bacterium Streptomyces hygroscopicus in a soil sample from Easter Island -an island also known as 'Rapa Nui', hence the trade name Rapamune. Sirolimus was originally developed as an antifungal agent. However, this was abandoned when it was discovered that it had potent immunosuppressive and antiproliferative properties. The drug is now FDA-approved for the prevention of organ transplantation rejection.
Everolimus and temsirolimus are FDA-approved for the treatment of renal cell cancer. Studies in rat and mouse models of PKD demonstrate that sirolimus or everolimus results in a decrease in renal cysts and improvement in kidney function [61] [62] [63] [64] . As a result of the therapeutic effect of mTOR inhibition in animal studies of PKD, human studies have been initiated. Five interventional studies investigating the effect of mTOR inhibitors on PKD in humans are underway (Table 2 ). In a retrospective study of liver volumes in kidney transplant patients that received sirolimus, it was determined that sirolimus decreased polycystic liver volume and there was a trend toward a greater reduction in native kidney volume in the sirolimus group compared with the non-sirolimus group [65] .
In animals and humans, mutations in the TSC gene results in kidney tumors. As the TSC1 and TSC2 protein complex is directly upstream of mTOR, it was possible to determine whether mTOR inhibition has an effect on the growth of kidney tumors. In fact, the rapamycin analogue, CCI-779, reduces kidney tumors in TSC2 +/− mice [66] . In a 24-month, nonrandomized, open-label trial in patients with tuberous sclerosis and angiomyolipomas in the kidney, it was determined that angiomyolipoma volume partially regressed with sirolimus treatment but tended to increase in volume when sirolimus was stopped [67] . More recently, in a randomized clinical trial in ADPKD patients, sirolimus, at a dose of 1-2 mg/ day, did not induce proteinuria, infection or renal dysfunction at 6 months of therapy [68] . It was concluded that sirolimus was safe and treatment adherence excellent in ADPKD [68] .
There is evidence for IGF-1 signaling in animal models of PKD [69] [70] [71] [72] . Hyperproliferation of PKD1 cystic cells is induced by IGF-1 activation of the Ras/Raf signaling system [38] . In hepatic cyst epithelium from patients with ADPKD, there is expression of the IGF-1 receptor (IGF-1R) [73] . Hepatic cyst-derived epithelial cells proliferated when exposed to IGF-1 and 17beta-estradiol. IGF-1R antagonists inhibited the proliferative effect of betaestradiol and IGF-1. These findings may explain the effect of estrogens in accelerating the progression of hepatic cyst disease. The IGF-1R or estrogen may be novel therapeutic targets in ADPKD.
AKT is one of the major players in the mTOR signaling pathway. Phospho-AKT (p-AKT) was increased in cystic mouse kidneys compared to wild-type kidneys [74] . In 16-week-old Han:SPRD rat kidneys, constitutive expression of AKT-1, -2, and -3 mRNA was seen in both wild-type and PKD kidneys [63] ; however, on immunoblot and ELISA, there was increased p-AKT (Ser473) in PKD kidneys compared with controls. p70S6K (Thr389) and total S6K were increased in 12-week-old Han:SPRD rat kidneys with PKD and inhibited with sirolimus treatment [61] . Phospho-mTOR and p70S6K are induced in cyst-lining epithelial cells in cysts from mouse and human kidneys [62] .
In summary, the IGF-1, PI3K, AKT, TSC, mTOR pathway represents an important target for drug discovery in PKD. Sirolimus has emerged as a promising therapy for ADPKD in view of i) its efficacy in rat and mouse models of PKD [61] [62] [63] [64] ; ii) its potent antiproliferative effect, which targets proliferation of tubular epithelial cells lining cysts that contributes to cyst formation; and iii) its favorable side-effect profile as determined in initial human studies in ADPKD [68] .
Cyclin-dependent kinase-targeted interventions
Polycystin-1 and -2 proteins are localized in the primary cilium. Disruption of cilia proteins has been associated with dysregulated cell cycle progression [75, 76] . Polycystin-1 has been shown to regulate the cell cycle by inhibiting CDK2 activity through upregulation of the CDK inhibitor p21waf1, arresting cells in G0/G1 phase and controlling terminal differentiation of tubular epithelial cells [77] . Therapeutic targeting of the dysregulated cell cycle with the CDK inhibitor roscovitine was tested in mouse models of PKD. Bukanov and colleagues [78] showed in jck and cpk mouse models of PKD that roscovitine effectively inhibits cystogenesis through cell cycle arrest and inhibition of apoptosis. In addition, CDK inhibition resulted in down-regulation of cAMP levels, suggesting that CDK inhibition targets the most proximal step in cystogenesis. Roscovitine (Seliciclib, CYC202, Cyclacel Pharmaceuticals, Inc.) has been shown to be effective in many in vitro and in vivo tumor models; it is currently in Phase II clinical trials in cancer patients [79, 80] . The polycystic kidney may be likened to a slow-growing tumor; thus PKD may require life-long therapy. Life-long therapy with anticancer drugs like roscovitine may present side effects like bone marrow suppression [81] . However, these drugs may be able to be used in lower doses than are required for cancer therapy. The reported dose of roscovitine used to obtain a therapeutic effect in preclinical renal glomerular disease models is 2.8-120 mg/kg daily, compared with 50-150 mg/kg daily in PKD models and 100-500 mg/kg, three times daily in tumors [80] .
TNF-α-targeted interventions
Interstitial inflammation may be important in the development of ESRD in ADPKD. Recently, Li and co-workers [82] discovered that TNF-α, a protein previously shown to have a role in inflammation, may also have a role in the formation of cysts in ADPKD [82] . It was found that TNF-α disrupted the localization of polycystin-2 to the plasma membrane and primary cilia through a scaffold protein, FIP2, which was induced by TNF-α. Treating mouse embryonic kidney organ cultures with TNF-α resulted in formation of cysts, which was exacerbated in the Pkd2 +/− kidneys. TNF-α also stimulated cyst formation in vivo in Pkd2 +/− mice. The TNF-α inhibitor etanercept prevented cyst formation in Pkd2 +/− mice. It was concluded that there was activation of a novel pathway connecting TNF-α signaling, polycystins, and cystogenesis [82] .
Renin angiotensin aldosterone system-targeted interventions
The RAAS is described in Figure 3 . Human and experimental data provide strong evidence that abnormal proliferation in tubular epithelial cells plays a crucial role in cyst development and/or growth in PKD [83] . ACE inhibitors can directly reduce proliferation of renal epithelial cells in vitro and in vivo [84] . Infusion of angiotensin-II (AT-II) increases TNF-α expression and synthesis of pro-inflammatory cytokines in the kidney that is blocked by ACE inhibitors. It has been suggested that AT-II plays a pivotal role in promoting infiltration of macrophages/monocytes, cellular proliferation and apoptosis in the kidney [85] . ACE inhibitors suppress synthesis of TNF-α and IL-1β by human PBMC [86] . Thus blockade of the RAAS has antiproliferative and anti-inflammatory effects and represents a therapeutic avenue in PKD.
The renin-angiotensin system has been implicated in the functional and structural changes in ADPKD [87] . In 10-week-old Han:SPRD rats, both enalapril and hydralazine lowered blood pressure, but enalapril was superior in preserving renal function [87] . In other studies, enalapril or cilazapril decreased blood pressure, cyst volume and renal failure in male Han: SPRD rats [88, 89] . In these studies, the effect of ACE inhibitors on epithelial cell proliferation and tubulointerstitial inflammation was not detailed. Numerous animal studies have shown that ACE inhibitors decrease cyst formation and improve renal function in animal models of PKD [89] [90] [91] [92] . A study has also shown that the ARB losartan decreases cyst formation and improves kidney function in the Han: SPRD rat model of PKD [88] .
Clinical data support evidence for activation of the RAAS in normotensive as well as hypertensive ADPKD patients. The RAAS contributes to hypertension in ADPKD, but may also independently accelerate renal cyst growth. Chapman and colleagues [93] found that plasma renin activity and aldosterone were increased in hypertensive ADPKD patients with normal renal function compared with well-matched essential hypertensives.
In the Modification of Diet in Renal Disease (MDRD) study in 222 patients with ADPKD, ACE inhibitor therapy or BP control did not reduce the rate of decline of kidney function [94] . In another study in 64 patients with ADPKD and chronic renal insufficiency, ramipril demonstrated no reduction of the rate of doubling of serum creatinine compared with placebo [95] . In a randomized trial in 72 patients with ADPKD and hypertension, ACE inhibitors reduced left ventricular hypertrophy compared to calcium channel blockers. However, ACE inhibitors were no better than calcium channel blockers in preserving kidney function [96] . These studies of ACE inhibitors in ADPKD tested small numbers of patients for short periods of time. In view of the impressive activation of the renin-angiotensin system in ADPKD, a larger study was undertaken. The HALT-PKD study is a prospective, NIH-sponsored, randomized, double-blind, placebo-controlled, multicenter interventional study sponsored to test the hypothesis that intensive blockade of the RAAS with combination of ACEIs and ARBs will delay the progression of renal disease independent of BP control. In addition, the HALT-PKD study will test the hypothesis that aggressive versus standard blood pressure control will be more effective in slowing PKD progression. Patients will be randomized to an ACE inhibitor, lisinopril, plus placebo versus lisinopril plus an angiotensin receptor blocker, telmisartan. The HALT-PKD study involves seven clinical centers and plans to recruit > 1000 ADPKD subjects.
Aliskiren (Tekturna, Novartis) is the first in a class of drugs known as direct renin inhibitors (Figures 1 and 3) . Aliskiren is licensed for the treatment of hypertension. In a case report, a 47-year-old female patient with ADPKD, edema, hyperreninemia, hyperaldosteronism and hypertension was treated with aliskiren 300 mg/day [97] . The patient had an excellent lowering of blood pressure with reduction of edema and hyperaldosteronism. Direct renin inhibition in ADPKD merits further study.
3 HMG-CoA reductase
Statins e.g., atorvastatin and simvastatin are drugs that lower cholesterol by inhibiting the enzyme HMG-CoA reductase, which is the rate-limiting enzyme of the mevalonate pathway of cholesterol synthesis. Statins are widely used to lower cholesterol in humans. Statins have effects independent of cholesterol lowering that make them attractive for use in PKD (e.g., anti-inflammatory, antiproliferative and protecting against endothelial dysfunction). Lovastatin decreases renal cyst formation and improves renal function in a rat model of ADPKD [89, 98] . The precise mechanism of the protective effect of statins in animal models of ADPKD is not known, but may be related to an increase in renal blood flow and an antiinflammatory effect or antiproliferative effect [89] . In a short-term 4-week study in 10 ADPKD patients, it was demonstrated that simvastatin improved both GFR and effective renal plasma flow [99] . In a study of 16 ADPKD patients with normal kidney function, it was determined that simvastatin 40 mg treatment for 6 months improved endothelial dysfunction as measured by high-resolution brachial artery ultrasound [100] . A 3-year interventional randomized, double-blind, placebo-controlled efficacy study has been initiated in children and young adults with ADPKD. Primary end points are total renal volume, left ventricular mass index, urinary albumin excretion and endothelial-dependent vasodilation.
MMPs and tissue inhibitors of MMPs
The extracellular matrix is thought to undergo extensive remodeling as PKD develops [101] . The conditioned medium from the cystic kidney tubules derived from the C57BL/6J cpk/cpk mouse contains higher than normal levels of MMP-9, -2, and -3 as well as TIMP-1 and -2 [102] . In a mouse model of PKD, kidney protein extracts, mRNA and tissue sections had high expression of MMP-2 [101] . To determine whether MMPs play a role in cyst development, Han:SPRD rats were treated with the MMP inhibitor, batimastat, for 8 weeks [103] . Batimastat resulted in a significant reduction in cyst number and kidney weight. MMP inhibitors as a potential therapy for PKD merits further study.
Expert opinion
It has been determined that inhibitors of cAMP, mTOR, CDK, TNF-α, the RAAS and HMG-CoA reductase reduce cyst formation and improve renal function in rat and mouse models of PKD. Thus cAMP, mTOR, CDK, TNF-α, the RAAS and HMG-CoA reductase are potential therapeutic targets in PKD. Current developments in the field of PKD research are very exciting. The results of studies in rat and mouse models of PKD have been translated to the bedside. Tolvaptan, sirolimus and everolimus, ACE inhibitors and ARBs, and statins that reduce cyst formation and improve renal function in animal models of PKD, are being tested in interventional studies in humans.
Tolvaptan is a promising drug for the treatment of ADPKD in humans for the following reasons: i) in robust studies, tolvaptan was extremely effective in reducing cyst formation in rat and mouse models of PKD [40, 42] ; ii) in the Phase I and II studies in PKD patients, tolvaptan had a very low side-effect profile [45, 46, 48] ; and iii) a large multicenter study with the goal of FDA approval is nearing completion. However, the extent to which inhibition of V2 receptors, which are mainly present in the collecting ducts, is sufficient to halt a disease that manifests in the entire nephron, remains to be proven. mTOR inhibition reduces cyst formation in rat and mouse models of PKD and in a small study of patients with ADPKD. No study has compared the mTOR inhibitors, rapamycin and everolimus, with tolvaptan in terms of efficacy or safety profile.
Statins are widely used to lower cholesterol and they have anti-inflammatory and antiproliferative qualities. However there are only two reported animal studies, both in Han:SPRD rats, that demonstrate that statins reduce cyst formation. Triptolide, a traditional Chinese medicine, and octreotide, a somatostatin analogue, reduce cyst formation in animal models of PKD. Small studies of triptolide or somatostatin in patients with ADPKD have been initiated. However, a larger study of triptolide or somatostatin in ADPKD patients will be required for FDA approval of these drugs for use in ADPKD patients. SKI-606 (also known as bosutinib), a Src inhibitor, reduces cyst formation in animal models of PKD. SKI-606 has shown promise in human studies of cancer. However, SKI-606 has not yet been tested in patients with ADPKD. Roscovitine, a CDK inhibitor, reduces cyst formation in mouse models of PKD and Phase II human studies in cancer have been initiated. However, the bone marrow toxicity of long-term roscovitine treatment in humans with ADPKD remains to be tested.
Small studies of the effect of ACE inhibitors in patients with ADPKD did not show an effect on the progression of kidney disease. However, ACE inhibitors show promise in reducing cyst formation in animal models of PKD. Activation of the renin-angiotensin system in PKD kidneys is prominent, and a larger study of ACE inhibitors or ARBs in 1200 ADPKD patients (the HALT-PKD study) has been initiated. The results of these interventional studies are eagerly awaited.
Future developments include the development of new drugs for human use in PKD, such as roscovitine, somatostatin, etanercept and other cytokine inhibitors. It is likely that current or future interventional studies in patients with ADPKD will result in the discovery of an agent that can slow the growth of the polycystic kidneys and delay the onset of renal failure.
Article highlights
• Autosomal dominant polycystic kidney disease (ADPKD) is more common than Huntington's disease, hemophilia, sickle cell disease, Down's syndrome, cystic fibrosis, and myotonic dystrophy combined.
• Triptolide (Tripterygium wilfordii), a traditional Chinese medicine, activates PC2-mediated calcium release in the cilia and inhibits cyst formation.
• There is upregulation of vasopressin and the inhibition of cystogenesis by V2 receptor antagonists in three different animal models of PKD.
• Mammalian target of rapamycin (mTOR) inhibition is a promising therapy for ADPKD in animal models.
• The renin-angiotensin system has been implicated in the functional and structural changes in ADPKD.
• Tolvaptan, sirolimus and everolimus, ACE inhibitors and angiotensin receptor blockers (ARBs), as well as statins that reduce cyst formation and improve renal function in animal models of PKD, are being tested in interventional studies in humans.
This box summarizes key points contained in the article. Src is known to activate Ras. Activation of tyrosine kinase receptors also contributes to the stimulation of MAPK-ERK signaling with consequent cell proliferation. Potential therapeutic targets are the vasopressin V2 receptor, tyrosine kinases, MEK and c-Src. The PI3K-Akt pathway plays a major role in mTOR signaling (see Figure 2) ; mTOR inhibitors bind to FKBP, which subsequently inhibits mTOR. There is evidence for activation of the mTOR pathway in ADPKD. The RAAS (see Figure 3 ) is activated by a drop in renal perfusion that stimulates the JGA to make renin. ACE inhibitors block the conversion of angiotensin I to angiotensin II. Renin inhibitors directly block renin production by the JGA. Angiotensin receptor blockers block the ATIIR. There is evidence for activation of the RAAS in ADPKD patients. ACE: Angiotensin-converting enzyme; AGT1: Angiotensin 1; ARB: Angiotensin receptor blocker; ATIIR: Angiotensin II receptor; Ca 2+ : Intracellular calcium; cAMP: Cyclic adenosine monophosphate; CDK: Cyclin-dependent kinase; CFTR: Cystic fibrosis The RAAS is activated by a drop in renal perfusion that stimulates the JGA to make renin. ACE inhibitors block the conversion of angiotensin 1 to angiotensin II. Renin inhibitors directly block renin production by the JGA. Angiotensin receptor blockers block the ATIIR. There is evidence for activation of the RAAS in ADPKD patients. Potential therapeutic targets in PKD are ACE, the angiotensin receptor and renin. ACE: Angiotensin-converting enzyme; ARB: Angiotensin receptor blocker; JGA: Juxtaglomerular apparatus.
